Juvenile hormone (JH) mediates the relationship between fecundity and nutrition during the gonotrophic cycle of the mosquito in three ways: (1) by regulating initial previtellogenic development, (2) by mediating previtellogenic resorption of follicles and (3) by altering intrinsic previtellogenic follicle ''quality'', physiology, and competitiveness thereby predetermining the fate of follicles after a blood meal. To support a role for JH in mediating the response of ovarian follicles after a blood meal, we explored three main questions: (1) Do changes in nutrition during the previtellogenic resting stage lead to relevant biochemical and molecular changes in the previtellogenic ovary? (2) Do hormonal manipulations during the previtellogenic resting stage lead to the same biochemical and molecular changes? (3) Does nutrition and hormones during the previtellogenic resting stage affect vitellogenic resorption and reproductive output? We examined the accumulation of neutral lipids in the previtellogenic ovary as well as the previtellogenic expression of genes integral to endocytosis and oocyte development such as the: vitellogenin receptor (AaVgR), lipophorin receptor (AaLpRov), heavy-chain clathrin (AaCHC), and ribosomal protein L32 (rpL32) under various previtellogenic nutritional and hormonal conditions. mRNA abundance and neutral lipid content increased within the previtellogenic ovary as previtellogenic mosquitoes were offered increasing sucrose concentrations. Methoprene application mimicked the effect of offering the highest sucrose concentrations on mRNA abundance and lipid accumulation in the previtellogenic ovary. These same nutritional and hormonal manipulations altered the extent of vitellogenic resorption. Mosquitoes offered 20% sucrose during the previtellogenic resting stage had nearly 3 times less vitellogenic resorption than mosquitoes offered 3% sucrose despite taking smaller blood meals and developed 10% more eggs during the first gonotrophic cycle. Mosquitoes treated with JH III during the previtellogenic resting stage and then offered a blood meal had a 40% reduction in the amount of vitellogenic resorption and developed 12% more eggs. Taken together, these results suggest that previtellogenic nutrition alters the extent and pattern of resorption after a blood meal through the effect of JH on mRNA abundance and lipid accumulation in previtellogenic follicles.
Introduction
A broad examination of the various life history strategies among insects repeatedly demonstrates that reproductive output and nutritional status are coordinated to ensure survival and maximize long-term fitness. When nutrition is limited or environmental conditions are not ideal, reproductive trade-offs frequently manifest through the resorption of reproductive tissue (also described as: oosorption, follicular resorption or follicular atresia) (Reviewed in Bell and Bohm, 1975) . Previous work has indicated that juvenile hormone (JH) is a key endocrine participant in the mediation of follicular resorption in response to nutritional limitation (Highnam et al., 1963a; Bell, 1971; Bell and Bohm, 1975; Tobe and Chapman, 1979; Weaver and Pratt, 1981; Clifton and Noriega, 2011) . In insects that produce eggs continuously and sequentially, the relationship between JH, follicular resorption, and nutrition is usually direct and causal. Yolk protein production and oogenesis is often dependent on JH synthesis and overall nutritional status. When nutrition is limited, JH synthesis ceases, yolk protein synthesis is reduced and ovarian oosorption increases (Bell, 1971; Bell and Bohm, 1975; Tobe and Chapman, 1979; Weaver and Pratt, 1981) . By coordinating the relationship between nutritional status and reproductive output through follicular resorption, JH participates directly in the reproductive decisions that inform an insect's lifehistory strategy (Reviewed in Flatt et al., 2005; Zera and Zhao, 2004; Harshman and Zera, 2007; Fronstin and Hatle, 2008) . However, a conceptual framework that depends on a close linkage between JH, nutrition, and resorption cannot fully explain how fecundity and nutrition are coordinated in mosquitoes such as Aedes aegypti where oogenesis is discontinuous, dependent on a blood meal, and controlled by alternating titers of JH and ecdysone.
In anautogenic mosquitoes, reductions in fecundity through follicular resorption are known to occur during two main developmental stages: (1) a sugar-feeding previtellogenic stage governed primarily by JH (Gwadz and Spielman, 1973; Feinsod and Spielman, 1980; Raikhel and Lea, 1985 ; reviewed in Klowden, 1997) and (2) a blood-meal dependent vitellogenic stage governed primarily by ecdysteroids (Spielman et al., 1971; Fallon et al., 1974; Clements, 1992 ; reviewed in Klowden, 1997) . After initial ovarian maturation is complete (60 h post eclosion), the mosquito enters a previtellogenic resting stage that lasts until a blood meal is found (Clements, 1992) . During this period, JH synthetic rates slowly decline from their peak while ovarian follicles are resorbed through an apoptosis-like mechanism (Li et al., 2003; Clifton and Noriega, 2011) . Resorption during this time is dependent on the quality of nutrition obtained through sugar feeding as well as JH. Sugar feeding and nutrition have important implications for fecundity during the previtellogenic resting stage as up to 20% of follicles can be resorbed in starved mosquitoes (Clifton and Noriega, 2011) .
The first day after a blood meal in mosquitoes is marked by a rapid decrease in JH synthesis to <5 fmol/pair CA/hour, the lowest level seen during a gonotrophic cycle in A. aegypti (Li et al., 2003) . By 20 h after a blood meal, ecdysteroid titers in the whole body of the mosquito have increased at least 5-fold from their original levels (Greenplate et al., 1985) . In response to amino acids from the blood meal (Hansen et al., 2004) and high ecdysteroid titers (Martin et al., 2001 ) the fat body synthesizes vitellogenin and other yolk proteins (Raikhel and Lea, 1983; Cho et al., 1991 Cho et al., , 1999 Sun et al., 2000) and mobilizes between 50% and 80% of previtellogenic fat body lipid reserves for energy production and for incorporation into the oocytes (Briegel et al., 2002; Ziegler and Ibrahim, 2001; Zhou et al., 2004a) . Significant nutritional partitioning of resources occurs after a blood meal as previtellogenic nutrition is not utilized in the same manner and cannot be considered interchangeable with blood meal derived nutrition during oogenesis (Zhou et al., 2004a,b) . In A. aegypti, 19% of radiolabeled amino acids within the blood meal are deaminated and returned to the fat body to replace lipids transferred to the oocytes, while only 10% of the amino acids in a blood meal are directly incorporated into eggs (Zhou et al., 2004a,b) . The substantial remaining portion of the blood meal is used in energy production (43%) or is excreted as waste (29%) (Zhou et al., 2004b) . Since the nutritional content of eggs is substantially derived from previtellogenic nutritional reserves, it is not clear how reproductive output during vitellogenesis can be coordinated (via vitellogenic resorption) with these previtellogenic nutritional reserves in the absence of any significant JH synthesis.
After a blood meal, the oocytes and nurse cells show rapid increases in the synthesis of components required for the endocytosis of yolk proteins and lipids such as the: lipophorin receptor (Cheon et al., 2001; Seo et al., 2003; Sun et al., 2000) , vitellogenin receptor (Sappington et al., 1996; Cho and Raikhel, 2001) , and heavy-chain clathrin . The synthesis of endocytotic components in the follicles occurs in parallel with the synthesis and transfer of yolk components by the fat body (Roth and Porter, 1964; Koller and Raikhel, 1991; Reviewed in Raikhel and Dhadialla, 1992) . Nearly all follicles that are remaining at the time of a blood meal will begin incorporating yolk proteins and lipids (Clements and Boocock, 1984) . However, up to 27% of follicles will later become resorbed despite sometimes advanced vitellogenic development (Lea et al., 1978; Clements and Boocock, 1984) . The mechanism or factors that allows one follicle to develop to maturity while another resorbs in the same ovary has not been described but has been suggested to involve ''competition'' between developing follicles for limited yolk components with the disadvantaged follicles eventually being resorbed (Highnam et al., 1963b; Schlaeger and Fuchs, 1974; Bell and Bohm, 1975) and their yolk components possibly returned to the pool of available nutrients (Bell, 1971) . By 72 h post blood meal, a synchronous batch of eggs, adjusted over two developmental stages according to nutritional status, is ready for oviposition.
It is well documented that the final quantity of eggs produced (and as a corollary, the amount of vitellogenic resorption) is dependent in part on the quantity of blood ingested when comparing mosquitoes with equal previtellogenic nutritional reserves (Woke et al., 1956; Colless and Chellapah, 1960; Jalil 1974; Lea et al., 1978) . Other work has shown that mosquitoes with low previtellogenic reserves will take substantially larger blood meals than high reserve mosquitoes but will still fail to develop an equal number of eggs. Conversely, mosquitoes with high reserves will take smaller blood meals but will always develop more eggs than low reserve mosquitoes (Nayar and Sauerman, 1975; Mostowy and Foster, 2004) . Although a large blood meal can affect fecundity, it cannot prevent all vitellogenic resorption (Lea et al., 1978; Clements and Boocock, 1984) nor can it rescue the fecundity of mosquitoes with low nutritional reserves (Mostowy and Foster, 2004) . These results, when taken together, suggest that most decisions about final reproductive output are made in response to nutrition during the previtellogenic resting stage and this information is integrated with blood feeding behavior to determine final fecundity as previously suggested in a conceptual model by Mostowy and Foster (2004) . However, no hormonal or molecular mechanism has been elucidated which can explain how nutrition during the previtellogenic resting stage can affect blood feeding behavior or vitellogenic resorption.
Previous work in our laboratory has demonstrated that JH likely mediates follicular resorption in response to nutrition during the previtellogenic resting stage (Clifton and Noriega, 2011) . During the course of that work it became apparent that nutritional and hormonal manipulations resulted in clear morphological changes to the previtellogenic ovary beyond only follicular resorption. These observations suggested that JH may mediate the relationship between fecundity and nutrition during the gonotrophic cycle of the mosquito in two ways: (1) through immediate previtellogenic resorption of follicles as previous work has shown (Clifton and Noriega, 2011) and (2) by altering intrinsic previtellogenic follicle ''quality'', physiology, and competitiveness during vitellogenesis thereby predetermining the fate of follicles after a blood meal. This hypothesis provides an endocrine mechanism whereby JH can mediate the full course of reproductive trade-offs in anautogenic mosquitoes during the previtellogenic and vitellogenic stages despite being nearly completely absent when many of these reproductive trade-offs are actually made (i.e. during vitellogenesis) (Li et al., 2003) . To support this hypothesis, we explored three main questions: (1) Do changes in nutrition during the previtellogenic resting stage lead to relevant biochemical and molecular changes in the previtellogenic ovary? (2) Do hormonal manipulations during the previtellogenic resting stage lead to the same biochemical and molecular changes? (3) Does nutrition and hormones during the resting stage affect vitellogenic resorption and reproductive output? Together these questions demonstrate how the nutritional and hormonal conditions before a blood meal affect events after a blood meal and begin to explain one endocrine mechanism whereby previtellogenic nutrition (sugar feeding) is integrated with blood meal derived nutrition to determine fecundity.
Methods

Nutritional manipulations of insects
A colony of A. aegypti of the Rockefeller strain was maintained at 28°C with 80% relative humidity under a 16 h day-8 h night regime. To control for any possible mating effects and ensure complete mating, males and females emerging during the same 15 h overnight period were collected and transferred to enclosures containing a 2:1 excess of male mosquitoes. All mosquitoes were offered a cotton pad soaked in 3% sucrose solution for 2 days. On the third day post-eclosion, all mosquitoes were switched to one of three conditions: water only, 3% sucrose or 20% sucrose solution before being assayed.
Hormonal manipulations of insects
At 3 days post-emergence, randomly selected mosquitoes reared as previously described were cold anesthetized and topically treated with either 500 ng of methoprene (Zeocon Co., Palo Alto, CA) dissolved in 0.5 lL acetone or with 0.5 lL acetone alone.
Mosquitoes were returned to a cotton pad soaked in 3% sucrose solution for 2 days until being dissected for qPCR or lipid quantification. Mosquitoes treated with JH III (Sigma-Aldrich, St. Louis, MO) were cold anesthetized at 3 days old and topically treated with 316 ng of JH III dissolved in 1 lL acetone or with 1 lL acetone alone. At 4 days old mosquitoes were treated a second time with JH III or acetone. Mosquitoes treated with JH III or acetone were blood fed on day 5 and the extent of resorption during oogenesis as well as final reproductive output was determined.
Ovarian triglyceride assay
Lipids were detected in the ovaries of mosquitoes maintained under the described experimental conditions using a triglyceride quantification kit (K622-100, Biovision, Mountain View, CA). In this kit, mono-, di-and triglycerides are hydrolyzed into glycerol and free fatty acids. Glycerol is then oxidized to generate a product which reacts with a colorimetric probe. The absorbance of the colorimetric probe can then be read at OD 570 nm. For each experimental treatment, 5 pairs of ovaries were dissected in Aedes physiological saline (APS) (MgCl 2 0.6 mM; KCl 4.0 mM; NaHCO 3 1.8 mM; NaCl 150.0 mM; HEPES 25.0 mM; CaCl 2 1.7 mM). The ovaries were thoroughly cleaned of any contaminating fat body tissue, rinsed with PBS and placed in 100 lL of 5% nonidet P-40 detergent solution. After brief sonication, any remaining ovary lysate on the probe of the sonicator was rinsed back into the sample with 400 lL of ddH 2 O. The ovarian lysate was then processed according to the kit instructions. Absorbance was read in a cuvette with a Nanodrop 2000c (Thermo Fisher Scientific, Waltham, MA). The lipase-negative glycerol control was used to blank the Nanodrop before each sample was read thereby subtracting background glycerol.
Ovarian micrographs and staining with oil red-O
Ovaries from mosquitoes were dissected in APS before being fixed in 4% paraformaldehyde for 1 h. The formaldehyde was replaced with 100 lL of oil red-O working solution for 1 h. Oil red-O specifically stains triglycerides and cholesteryl oleate and no other lipids (Ramirez-Zacarias et al., 1992) . The ovaries were removed from the stain and rinsed thoroughly in PBS before being placed under a coverslip and photographed. Photographs were taken of the previtellogenic ovaries using a DM 5500 B Leica fluorescence microscope, a Leica DFC 310 FX mounted camera and Leica LAS imaging software.
Quantitative realtime qPCR
Total RNA was isolated from ovaries using RNA-binding glass powder as previously described (Noriega and Wells, 1993) . Contaminating genomic DNA was removed using the DNA-free™ kit (Ambion, Austin, TX). Reverse transcription was carried out using the Verso cDNA Kit (Thermo Fisher Scientific Inc., Waltham, MA) by an oligo dT priming method according to the manufacturer's recommendations, using 300 ng of total RNA in 20 lL reactions.
Real time qPCR was performed with the 7300 Real Time PCR System using TaqMan Ò Gene Expression Assays together with TaqMan Ò Universal PCR Master Mix (Applied Biosystems, Foster City, CA). The primer probes sequences for the 60S ribosomal protein L32 (rpL32, AAEL003396, VectorBase) Ovary-specific Lipophorin receptor (AaLpRov, AF355595, VectorBase) Heavy-chain clathrin (AaCHC, AAEL013614-RA, VectorBase) and the vitellogenin receptor (AaVgR, AAEL007657, VectorBase) genes are provided in Supplemental Table 1 .
Primer/probes were synthesized by Applied Biosystems and reactions were done in a 20 lL volume according to manufacturer recommendations for Custom TaqMan Ò Gene Expression Assays.
Reactions were run in triplicate using 1 lL of cDNA per reaction.
Standard curves to quantify relative gene copy number were made from serial dilutions of plasmids containing rpL32, AaVgR, AaLpRov, and AaCHC (300,000, 30,000, 3000, 300 and 30 copies of a plasmid per reaction). Real time data were collected by 7300 System SDS Software and analyzed in Microsoft Excel. Because many aspects of ovary and follicle physiology are heavily dependent on nutrition and hormones, traditional methods of normalization (i.e. normalizing to ribosomal, actin, or other housekeeping genes) biases the expression changes observed in previtellogenic oocytes (reviewed in Wrenzycki et al., 2007) . Therefore, an alternative approach to normalizing mRNA abundance is required when working with oocytes (Wrenzycki et al., 2007) . All genes were normalized to the average total follicle count of mosquitoes collected in triplicate of the same age and treatment to represent gene copy per average follicle.
Determination of blood meal mass
Mosquitoes from a common cohort were reared under the nutritional conditions previously described until 5 days old and divided into two groups. Female mosquitoes in the blood fed group were starved for 4-5 h before being offered porcine blood equilibrated to 37°C with ATP added to a final concentration of 1 mM immediately before use. After feeding, mosquitoes from both the fed and unfed group were dried in an incubator at 65°C for 5 days before measurement. The dry mass of the blood meal was calculated as the average dry mass of mosquitoes before a blood meal subtracted from the average dry mass of mosquitoes after a blood meal. At least 20 mosquitoes per treatment were dried and weighed.
Observations of ovarian resorption, final egg output and viability
Mosquitoes within each feeding and hormonal regime were blood fed as previously described. Mosquitoes from at least two independent replicates were anesthetized by chilling for 5-10 min at 4°C prior to dissection. At 24 h after a blood meal, ovaries were dissected, rinsed in APS and stained with 0.5% neutral red solution in acetate buffer at pH 5.2 (Sigma-Aldrich, St. Louis, MO) for 10s to visualize resorbing follicles. Neutral red stains the lysosomes associated with resorbing follicles and can clearly indicate follicle status (Winckler, 1974; Bell and Bohm, 1975; Clements and Boocock, 1984; Hopwood et al., 2001 ). The ovaries were rinsed a second time in APS and placed under a coverslip. Photographs were taken as described in Section 2.4. Ovaries were later scored using Leica LAS imaging software for total follicle count and also for the presence of any resorbing follicles. To determine total egg output, mosquitoes fed 20% sucrose and 3% sucrose as well as mosquitoes treated with acetone and JH III were blood fed in triplicate as previously described and allowed to lay eggs on paper. The total number of eggs was counted by dissecting microscope and divided by the number of females observed to have blood fed to determine average number of eggs per female. Twelve days after oviposition, eggs from all treatments were hatched and the total number of unhatched eggs was counted to determine egg viability.
Results
Ovary morphology reflects overall nutritional reserves
The effect of nutrition on previtellogenic ovaries was explored my maintaining mosquitoes under three nutritional regimes: (1) water alone, (2) 3% sucrose in water, and (3) 20% sucrose in water. Ovaries from mosquitoes reared under such conditions show differences in follicle size, oocyte size, oocyte composition (as indicated by oil red-O staining of neutral lipids), and overall morphology (Fig. 1A) . Ovarian morphology appears to be reflective of the overall nutritional reserves of mosquitoes as indicated by the dry mass of mosquitoes kept under varying nutritional regimes (Fig. 1B) . Dry mass can be a suitable proxy for indicating nutritional reserves (Mostowy and Foster, 2004) . Mosquitoes kept under increasing sucrose concentrations show statistically significant increases in dry body mass for each concentration offered (unpaired t-test; p < .001). Mosquitoes offered 20% sucrose accumulated nearly double the dry mass of those mosquitoes offered water alone (Fig. 1B) .
Previtellogenic nutrition alters neutral lipid content of ovaries
To investigate the apparent differences in ovarian and follicle morphology more thoroughly, a neutral lipid specific stain (oil red-O) was used to stain the ovaries and visualize the accumulation of lipids in the oocytes. Ovaries from mosquitoes fed 20% sucrose concentrations show increased lipid accumulation as compared to those fed water or 3% sucrose (Fig. 2A) . The densest accumulation of neutral lipids appears to be in the oocyte followed by the proximal nurse cells (Fig. 2A) . The nurse cells furthest from the oocyte show less association with accumulated lipids. Accumulations of lipids within the oocyte appear to be most pronounced in mosquitoes fed the highest sucrose concentrations ( Fig. 2A) .
Since the content of lipids in the ovary appeared to change depending on previtellogenic nutrition, ovarian lipids may be an important energy source for transcriptional, translational and endocytotic activities during vitellogenesis. To begin exploring this possibility, the neutral lipid content of ovaries was quantified through the modification of a blood serum triglyceride quantification kit. Ovaries from mosquitoes fed 20% sucrose contained the highest content of stored neutral lipids at 581 pmol./female (Fig. 2B ). This two-fold increase in ovarian lipids is significantly higher than mosquitoes fed either 3% sucrose or water alone ( Fig. 2B ; p < .0001; Mann-Whitney test). Feeding 3% sucrose did not significantly increase stored ovarian lipids over those fed water alone (Fig. 2B ).
Previtellogenic nutrition alters expression of genes important for vitellogenesis
In conjunction with an examination of the energetic capacity of the follicles (i.e. stored lipids) we hypothesized that the expression of other cellular components important during vitellogenesis would be dependent on previtellogenic nutritional status. We chose to examine the expression of a ribosomal protein (60s subunit, rpL32) required for translation and three additional components required for the massive endocytosis associated with vitellogenesis but also expressed in lower levels during the previtellogenic resting stage: (1) The vitellogenin receptor (AaVgR), (2) the ovary-specific isoform of the lipophorin receptor (AaLpRov), and (3) an ovary-specific form of Heavy-Chain Clathrin (AaCHC). For almost every gene and treatment, the number of transcripts per follicle increased as sucrose concentration increased (Fig. 3A-D ). These differences were always significant when female mosquitoes fed water alone and those fed 20% sucrose were compared (Fig. 3A-D) .
Previtellogenic methoprene application increases stored ovarian lipids
Previous work indicated that JH during the resting stage was an important regulator of fecundity by preventing follicular resorption (Clifton and Noriega, 2011) . To investigate a possible role for JH in regulating the biochemical and molecular characteristics of the ovary during the resting stage, hormonal manipulations with methoprene were performed. Methoprene application alters the morphology of the follicle similar to the effect seen with 20% sucrose (Figs. 2 and 4A ). Oocytes of mosquitoes treated with methoprene appear to contain massive increases in lipid content over acetone controls after staining with oil red-O (Fig. 4A) . Quantification of ovarian lipids revealed that methoprene application causes a 8-fold increase in lipid content over acetone treatment alone in mosquitoes fed 3% sucrose (2760 pmol. vs. 333 pmol. respectively; Fig. 4B ; Mann-Whitney test; p < .01). In mosquitoes fed 20% sucrose, methoprene treatment causes a similar increase in the lipid content of the oocyte as compared to acetone controls (4180 vs. 702 pmol.; Fig. 4B ; Mann-Whitney test; p 6 .05). Mosquitoes fed water alone and treated with methoprene also show a significant increase in the lipid content of oocytes when compared to acetone controls (1906 vs. 257 pmol.; Fig. 4B ; MannWhitney test; p 6 .05).
Previtellogenic methoprene application alters expression of genes important for vitellogenesis
A comparison of the effect of methoprene on the expression of genes important to translation and endocytosis during vitellogenesis (rpL32, AaVgR, AaLpRov, AaCHC) reveals that the effect of methoprene is similar to that of nutrition (Fig. 5A-D) . Ribosomal protein L32of the 60s subunit showed a significant 38% increase in expression over controls with methoprene treatment (Fig. 5A) .
AaLpRov also increased significantly 76% compared to acetone controls (Fig. 5B) . AaCHC increased significantly 51% compared to acetone controls (Fig. 5D ) and although not statistically significant due to the high variability in previtellogenic expression observed with this receptor, AaVgR increased 61% on average ( Fig. 5C ; p = .09; unpaired t-test). In each case, the effect of methoprene mimicked the effect of a 20% sucrose feeding regime.
3.6. The fate of follicles after a blood meal is affected by previtellogenic nutrition
To discount the possibility that reproductive decisions made during the resting stage can be rescued by a blood meal and confirm that previtellogenic nutrition (and its associated effects on gene expression and ovarian lipid content) affects the rate of resorption after a blood meal, the dry mass of a blood meal was determined for mosquitoes fed water alone, 3% sucrose and 20% sucrose (Fig. 6) . As sugar concentration increased, (and nutritional reserves increased as shown by Fig. 1B) the mass of the blood meal decreased (Fig. 6 ). Mosquitoes that were maintained on 20% sucrose had a blood meal mass that was nearly 70% less than mosquitoes fed water alone (Fig. 6 ). The decrease in dry blood meal mass was statistically significant for each treatment (p < .001; unpaired t-test).
To confirm the effect previtellogenic nutrition and hormones have on the fate of follicles after a blood meal, mosquitoes were maintained on 3% sucrose and 20% sucrose concentrations and were fed blood. Ovaries from mosquitoes maintained on 3% sucrose and then examined 24 h after a blood meal showed a significantly higher rate of follicular resorption ( Fig. 7A ; p < .001; unpaired t-test) and those follicles that were not resorbing were smaller on average than follicles from mosquitoes fed 20% sucrose (197.8 lm vs. 203.2 lm; p < .001; unpaired t-test). Mosquitoes that were fed 20% sucrose before a blood meal had nearly three times less resorption than those fed 3% sucrose (13.6% vs. 4.8%; Fig. 7A ). Mosquitoes fed 20% sucrose also laid on average 10.4 more eggs per female (117.3 vs. 106.9; p < .05; unpaired t-test; Fig. 7B ). The effect of previtellogenic JH III treatment on vitellogenic resorption is similar to the effect of offering high sucrose concentrations. Mosquitoes fed 3% sucrose and treated with JH III had 40% less resorption 24 h after a blood meal (12.6% vs. 7.6%; Fig. 7C ). Mosquitoes treated with JH III also laid on average 11.2 more eggs per female than those mosquitoes treated with acetone alone (104.4 vs. 93.2; p < .01; unpaired t-test; Fig. 7D ). However, the proportion of eggs laid that successfully hatched was not significantly altered by either JH III treatment or feeding 20% sucrose over controls (results not shown).
Discussion
Defining oocyte and follicle quality
Central to any hypothesis that relies on the differential survival of oocytes during oogenesis is the idea that oocytes vary in their inherent ability to develop and so exist as part of a heterogeneous population. Therefore, the ''quality'' of an oocyte is likely to determine its potential for further development (reviewed in Gilchrist et al., 2008) . While oocyte quality may mean different things depending on the observational context as well as the specific developmental features of an organism, Thomson et al., 2010 , define oocyte quality broadly as ''. . .[the] intrinsic genetic, epigenetic and cytoplasmic characteristics required for the completion of development and capability of producing a normal offspring''. We examined likely indicators of a follicles ability to complete vitellogenic development (i.e. ''quality'') such as: oocyte neutral lipid content, lipophorin receptor expression (AaLpRov) (Cheon et al., 2001; Seo et al., 2003; Sun et al., 2000) , vitellogenin receptor expression (AaVgR) (Sappington et al., 1996; Cho and Raikhel, 2001 ), heavy-chain clathrin expression (AaCHC) as well as 60s ribosomal protein expression subunit L32 (rpL32). These markers of mosquito oocyte quality, while certainly not meant to be an exhaustive inventory, begin to illustrate how previtellogenic nutrition and JH synthesis can affect vitellogenic resorption by altering an oocyte's ''. . .intrinsic developmental potential'' (Gilchrist et al., 2008) . Each of these indicators of follicle quality was altered in response to nearly all of the nutritional and hormonal manipulations conducted on previtellogenic mosquitoes. Furthermore, these same nutritional and hormonal manipulations clearly altered the rate of resorption after a blood meal as well as final egg output (Fig. 7A-D) . The biochemical and transcriptional changes that occur in response to manipulations of previtellogenic nutritional and hormonal status (Figs. 2-5) strongly suggests that the rate of resorption after a blood meal is dependent on the quality of follicles beginning vitellogenesis and also that the quality of follicles is mediated through JH in response to nutrition. These results also suggest that the intrinsic development potential of a follicle (i.e. follicle quality) can be defined in A. aegypti by examining aspects of oocyte function that are likely to be important during vitellogenesis.
Oocyte lipids can be altered by previtellogenic nutrition as well as hormonal manipulation
Previtellogenic oocyte lipids may play an important and overlooked role in the reproductive physiology of A. aegypti. To our knowledge, only a few studies have been conducted that include any information about previtellogenic ovarian lipids. Tadkowski and Jones (1978) suggested that all lipid yolk contained within the oocyte is synthesized within the oocyte both before and after a blood meal. Troy et al. (1975) concluded that the principal previtellogenic ovarian lipids are hydrocarbons and fatty esters. However, both of these results were challenged in later work by Ziegler (1997) who found that while the ovary can synthesize and store triglycerides and phospholipids, they make up only 1/ 1000th of the final lipid content of mature eggs under in vitro culturing conditions. Ziegler and Ibrahim, 2001 later described the amount of lipid stored in previtellogenic ovaries as a ''trace''. To our knowledge, all previous studies have been specifically focused on the origins of the microgram quantities of lipids transferred to eggs after a blood meal and do not describe any potential role for previtellogenic oocyte lipids. The small quantity of previtellogenic triglycerides we examined in the follicles of the ovary are possibly the ''minor'' or ''trace'' proportion capable of being synthesized by the ovary itself as described by Ziegler and Ibrahim, 2001 . However, viewing previtellogenic oocyte-derived lipids as an interchangeable proportion of final egg lipid reserves is probably incorrect and overly simplistic.
The presence of stored lipids in oocytes is widespread among animals, and has been correlated with oocyte ''quality'' and reproductive success (Nagano et al., 2006a,b; Angel-Dapa et al., 2010) . The exact role of stored previtellogenic lipids in mosquito oocytes is unknown but current evidence suggests that oocyte lipids, at least in those vertebrate animals which have been studied, are an important substrate for energy production in oocytes (Sturmey and Leese, 2003; Ferguson and Leese, 2006; Reviewed in Sturmey et al., 2009) . Furthermore, the composition of lipids synthesized or stored by oocytes is generally unique and enriched in specific saturated fatty acids and likely reflects the ''. . . highly specialized requirements'' of an oocyte (Homa et al., 1986; Matorras et al., 1998) . Similar to vertebrate organisms, Zeigler's work with ovarian lipid synthesis in A. aegypti shows that lipids synthesized in the mosquito ovary are also specifically enriched in saturated fatty acids (1997). While the exact purpose of stored oocyte lipids and fatty acid enrichment is unclear, the work presented here in conjunction with existing literature does suggest that previtellogenic lipids synthesized and stored in the oocyte have a unique reproductive function which may not be the same as lipids derived from the fat body, which do not show saturated fatty acid enrichment (Ziegler (1997) ). The period after a blood meal in mosquitoes is marked by intense vitellogenin receptor, lipophorin receptor and heavy-chain clathrin synthesis by the oocyte and nurse cells (Sappington et al., 1996; Sun et al., 2000; Cheon et al., 2001; Cho and Raikhel, 2001; Seo et al., 2003) , as well as massive endocytosis of yolk components (Reviewed in Raikhel and Dhadialla, 1992) . Since endocytosis and protein synthesis are both energy-dependent processes, it is not unreasonable to suggest that a pool of previtellogenic oocyte lipids supports the energetic demands of the growing oocyte during at least the beginning stages of vitellogenesis. This pool of oocyte lipids is clearly affected by methoprene ( Fig. 4A and B) as well as nutritional status ( Fig. 2A and B) during the resting stage and may provide the energetic basis for an endocytotic ''competition'' between follicles for yolk components during vitellogenesis as suggested by Bell and Bohm (1975) as well as provide the basis for understanding why one follicle resorbs besides another which is developing (Lea et al., 1978; Clements and Boocock, 1984) . While we did not specifically investigate the composition of ovarian lipids, the total quantity of neutral lipids stored in the ovary seems to reflect overall nutritional reserves ( Fig. 2A and B) . This result suggests that the pool of ovary lipids is dynamically regulated and integral to the coordination of fecundity with previtellogenic nutrition during vitellogenesis. Mosquitoes offered 20% sucrose show nearly 3-fold less resorption than mosquitoes offered 3% sucrose prior to a blood meal (Mean ± SEM of 10 pairs of ovaries collected in two independent replicates per treatment; unpaired t-test; ⁄⁄⁄ p 6 .001). (B) Mosquitoes offered 20% sucrose laid 10.4 more eggs than mosquitoes fed 3% sucrose (Mean ± SEM of eggs from 21 females unpaired t-test; ⁄ p 6 .05). (C) JH III application prior to a blood meal reduces vitellogenic resorption by 40% (Mean ± SEM of 15 pairs of ovaries collected in two independent replicates per treatment; unpaired t-test; ⁄⁄ p 6 .01). (D) Mosquitoes fed 3% sucrose and treated with JH III laid 11.2 more eggs than mosquitoes treated with acetone (Mean ± SEM of eggs from 21 females; unpaired t-test; ⁄ p 6 .05).
Previtellogenic expression of the endocytotic complex can be altered by nutrition and methoprene application
We also examined the previtellogenic mRNA levels of three proteins integral to the rapid receptor-mediated endocytosis that occurs during vitellogenesis. Much previous work has demonstrated that the post-eclosion formation of an endocytotic complex is dependent on a peak of JH synthesis (Raikhel and Lea, 1985) and that the endocytotic complex is composed of vitellogenin receptors (AaVgR) (Sappington et al., 1996; Cho and Raikhel, 2001) , lipophorin receptors (AaLpRov), (Cheon et al., 2001; Seo et al., 2003; Sun et al., 2000) , as well as heavy-chain clathrin (AaCHC) . Since the initial formation of an endocytotic complex in mosquito follicles is dependent on JH, and stored ovarian lipids were clearly altered during the previtellogenic resting stage in response to methoprene (Fig. 4A and B) , we hypothesized that the transcription and accumulation of mRNA's for these genes would also be similarly modulated in response to hormones and nutrition. As our results suggest, JH not only induces the formation of an endocytotic complex, but may also maintain the expression of the components of the endocytotic complex in response to previtellogenic nutritional status.
Although limited evidence exists, Cho and Raikhel (2001) have suggested that transcripts of genes important to vitellogenesis are made by the nurse cells, transferred to the oocytes, and tend to accumulate during the previtellogenic resting stage. In situ hybridizations performed in previous studies for each of these endocytotic genes demonstrates substantial mRNA accumulation in the cytoplasm of the oocyte Cho and Raikhel, 2001; Cheon et al., 2001; Seo et al., 2003) . Presumably, the largescale translation of these components to support endocytosis and vitellogenesis would then depend on a blood meal (stored oocyte lipids during this time would be especially useful in providing the energy for rapid up-regulation of the endocytotic complex) . Studies in vertebrate and invertebrate animals have indicated that in addition to neutral lipids, storage of mRNA and protein components necessary for development by the oocyte is a ubiquitous and vitally important determinant of oocyte quality that is often correlated with an oocyte's likelihood of successful fertilization and development (Brandhorst, 1980; Reviewed in Eichenlaub-Ritter and Peschke, 2002; Leoni et al., 2007 ; reviewed in Wrenzycki et al., 2007 ; reviewed in Mermillod et al., 2008) .
In addition to endocytotic components, we also examined the abundance of mRNA's for the protein L32 of the ribosomal 60s subunit. In each treatment, the abundance of rpL32 mRNA behaved similarly to genes necessary for vitellogenesis. The abundance of ribosomal mRNA's in the ovary is likely related to the developmental capacity of the oocyte and reflects the capacity of the oocyte to synthesize proteins after a blood meal or during embryogenesis. In those animals which have been studied, the majority of ribosomal proteins (Bachvarova and De Leon, 1977) and ribosomal mRNA's (Burkholder et al., 1971; Reviewed in Eichenlaub-Ritter and Peschke, 2002) are stored in the oocyte for later use. While we did not study the function of the accumulations of ribosomal mRNA's it seems likely that the translational capacity of the oocyte would be co-regulated to match available energy (oocyte lipid stores) and available template material (mRNA's related to vitellogenesis).
In this study we attempted only to quantify the abundance of mRNA's for genes likely to be important after a blood meal in order to define and characterize the morphological changes we observed in previtellogenic ovaries (Fig. 1A) . Because we only examined mRNA abundance on a per follicle basis we cannot be certain how translational events before or after a blood meal affect the expression of these endocytotic components. Despite this, the dependence of neutral lipids (Figs. 2 and 4) and endocytotic mRNA's (Figs. 3 and 5) on previtellogenic nutrition and hormones does suggest that a relationship between the pattern of accumulation of endocytotic mRNA's and a follicle's fate does exist. While we did not specifically explore the individual differences between follicles of the same ovary, it is likely that differences in mRNA accumulation do exist between follicles of the same ovary which would provide the basis for a vitellogenic ''competition'' for yolk components.
Low reserve mosquitoes take more blood but develop fewer eggs
A major factor that must be included in any explanation of vitellogenic resorption in mosquitoes is the role of a blood meal. Sugar feeding has been shown to affect blood meal size such that recently sugar fed mosquitoes with full crops can experience reductions in fecundity due to blood meal volume limitations in the abdomen (Mostowy and Foster, 2004) . Additionally, a proportion of any reduction in fecundity can be attributed to previtellogenic resorption and is therefore completely independent of a blood meal (Supplemental Fig. 1 ; Clifton and Noriega, 2011) . Despite crop-volume effects and previtellogenic resorption, the relationship between fecundity, blood meal size and previtellogenic nutrition still appears to be counterintuitive in A. aegypti, primarily because large blood meals cannot rescue low reserve mosquitoes even when crop volume is controlled (Mostowy and Foster, 2004) .
To explain this incongruence, we would like to suggest that stored previtellogenic fat body reserves are not only important for direct incorporation into eggs, but may also be critically important in providing the energy to digest a blood meal and manufacture yolk proteins. The digestion of blood likely requires significant energy as evidenced by the increased rate of respiration after a blood meal (Gray and Bradley, 2003; Sarfati et al., 2005) . Work by Zhou et al. (2004a) showed that 29% of the blood meal is excreted as waste and 43% is used as energy suggesting that there is some limit to the amount of nutrition that can actually be recovered from a blood meal for use in eggs. The same work has also shown that up to 50% of mobilized fat body lipid reserves are utilized as energy after a blood meal (Zhou et al., 2004a) . Therefore, the extent of previtellogenic nutritional reserves may partially dictate how much of the nutrition contained within a blood meal is ultimately recoverable and convertible into yolk components. The ubiquity of resorption after a blood meal in mosquitoes of all nutritional conditions strongly suggests that blood can never prevent all resorption and that yolk components are probably always in short supply during vitellogenesis (Lea et al., 1978; Clements and Boocock, 1984; Nayar and Sauerman, 1975; Mostowy and Foster, 2004) . Taken together with the multitude of studies that have shown a clear relationship between the magnitude of resorption and blood meal size (Woke et al., 1956; Colless and Chellapah, 1960; Jalil, 1974; Lea et al., 1978; Mostowy and Foster, 2004) , a limit to the nutrition that can be derived from a blood meal would explain the high levels of vitellogenic resorption seen in low reserve mosquitoes despite the acquisition of a large blood meal. In this context, previtellogenic lipid reserves may be doubly important by: (1) determining the extent of utilization of a blood meal and/or the extent of synthesis of yolk proteins and (2) for direct incorporation into follicles during oogenesis. Although we did not specifically explore how previtellogenic nutrition affects blood feeding behavior or blood meal utilization, it is clear that blood feeding behavior, previtellogenic nutritional status and fecundity are intricately related.
A model for understanding the coordination of reproductive output with nutrition in the anautogenic mosquito
The study presented here attempts to answer two lingering questions posed in the literature about the regulation of resorption and the reproductive physiology of anautogenic mosquitoes: (1) How does the mosquito determine the extent of resorption (i.e. coordinate fecundity) based on blood meal size and previtellogenic reserves? (Lea et al., 1978; Browne, 2001; Mostowy and Foster, 2004) and also (2) how does the mosquito decide which follicles to resorb? (Lea et al., 1978; Clements and Boocock, 1984) . When the results of this study are integrated with existing literature, a regulatory scheme emerges that can potentially answer these questions and provide a conceptual framework with which to understand the coordination of reproductive output with nutrition in anautogenic mosquitoes (Fig. 8) .
The work presented here suggests that JH during the resting stage regulates the physiology of a presumably heterogeneous Days after emergence Previtellogenic Vitellogenic Fig. 8 . A model that describes the effect of nutrition and hormones during the previtellogenic resting stage on follicular resorption after a blood meal. Extent of grey shading is indicative of follicle quality. Black follicles are being resorbed. Day 3: initial previtellogenic maturation of the ovarian follicles is completed and a heterogeneous population of follicles exists. Days 4 and 5: until a blood meal is found, follicles of lesser quality are resorbed and overall fecundity is reduced. Feeding 20% sucrose or applying JH III reduces resorption and increases average follicle quality. Day 6: after a blood meal, all remaining follicles begin vitellogenesis and a competition for yolk components. Day 7: as ecdysteroid titers increase and reach a peak, follicles of lower quality and lagging in vitellogenic development are resorbed in favor of those with advanced vitellogenic development. Day 8: a batch of eggs adjusted to match nutritional status during the previtellogenic resting stage and after a blood meal is ready for oviposition.
population of previtellogenic follicles in response to previtellogenic nutrition. After a blood meal, all primary follicles begin depositing yolk components in the oocyte (Clements and Boocock, 1984; Lea et al., 1978) . As a ''competition'' for these yolk components commences (as suggested by Bell and Bohm, 1975) , those follicles which are lagging in development or otherwise unable to compete are ultimately resorbed in favor of those follicles which possess a better ability to develop (Fig. 8) . The best support for such a competition comes from experiments by Schlaeger and Fuchs (1974) and confirmed in our laboratory in which high doses of 20-hydroxyecdysone injected into previtellogenic mosquitoes caused all follicles to begin depositing yolk, only later to be resorbed (48 h) in favor of just a few highly developed follicles comprised solely of whatever endogenous nutritional reserves were available for incorporation at the time of ecdysteroid treatment (results not shown). Although ecdysteroid injection induced massive resorption and the development of a few eggs, other work with Caenorhabditis elegans showed the consequences of preventing apoptosis and resorption in oocytes. When apoptosis was prevented, remaining oocytes showed smaller sizes and lower viability implying that the pool of reproductive resources was limited and dividing this pool among more oocytes had negative consequences. The authors concluded that a ''competition'' for resources among aging oocytes maintains oocyte quality by resorbing those of inferior quality (Andux and Ellis, 2008) . In Nauphoeta cinerea, the same coordination between the pool of reproductive resources and egg number was shown when resources recovered from resorbing follicles were reinvested into the remaining follicles and were specifically not returned to the pool of somatic resources (Barrett et al., 2009 ). In Periplaneta americana, this phenomenon was taken a step further when yolk proteins from resorbing follicles were shown to be released into the haemolyph intact and therefore readily available to developing follicles (Bell, 1971) . To our knowledge, Bell (1971) results have not been repeated in other insects. Although we did not specifically explore the fate of the resources recovered from resorbing follicles or the effects of blocking resorption, our results do suggest that during oogenesis a competition occurs between follicles, based in some part, on the intrinsic quality factors described here.
In addition to initiating further development, it is also likely that ecdysteroids provide the hormonal stimulus for resorption in developmentally inferior follicles (Fig. 8) . Previous work has shown that an integral component of programmed cell death, the effector caspase AeDronc, is most highly expressed during pulses of ecdysteroids, especially during metamorphosis (Cooper et al., 2007) . In the adult mosquito ovary, 20-hydroxyecdysone treatment causes a nearly 3-fold increase in AeDronc transcription (Cooper et al., 2007) . In Drosophila melanogaster, ecdysteroid treatment clearly increases ovarian apoptosis and resorption (Soller et al., 1999; Terashima et al., 2005) . Although ecdysteroid treatments induce apoptosis and resorption in insects with sequential egg development (thereby directly controlling reproductive output), it has been shown previously by Uchida et al. (1998) in Culex pipiens pipiens and reaffirmed for A. aegypti (Uchida and Moribayashi, 2002 ) that the ecdysteroid titer itself likely does not regulate the determination of egg number during vitellogenic development in insects with synchronous egg development (Browne, 2001) . The failure of ecdysteroid titers to determine egg number suggests that a threshold concentration of ecdysteriods exists that induces resorption in sensitive follicles and that JH during previtellogenic development participates in determining the sensitivity of follicles to ecdysteriods. The reduction in resorption after a blood meal in those mosquitoes treated with JH III (Fig. 7A) during the resting stage further supports a role for JH during vitellogenic resorption.
A similar regulatory scheme has been described to explain follicular resorption in D. melanogaster by Terashima et al. (2005) .
In D. melanogaster, starvation causes a rapid increase in ecdysteroid titer followed by increased resorption of follicles (Terashima et al., 2005) . Since some ecdysteroid titer is required in this species for normal oogenesis, an activating threshold can explain how ecdysteriods can be dually important for oogenesis as well as resorption (Terashima et al., 2005) . The co-occurrence of vitellogenic resorption (Clements and Boocock, 1984) with high ecdysteroid titers (Greenplate et al., 1985) in A. aegypti also suggests that the onset of vitellogenic resorption in susceptible follicles is probably dictated by an ecdysteroid threshold after a blood meal. A regulatory scheme that relies on the differential sensitivity of follicles to a ''threshold'' of ecdysteroids would explain how one follicle resorbs beside another which is developing (Fig. 8) . Despite the ability of JH and nutrition to alter the average quality of follicles, the exact mechanism that confers differential sensitivity to ecdysteriods is still unknown, although our results here suggest it is related to the intrinsic ability of the oocyte to incorporate yolk components and undergo vitellogenic development.
Conclusions
In this study we examined likely indicators of a follicles ability to complete vitellogenic development (i.e. ''quality'') such as: oocyte lipid content, lipophorin receptor expression, vitellogenin receptor expression, heavy chain clathrin expression and ribosomal protein expression. Each of the explored quality markers represents a small cross-section of the possible changes that occur in the oocyte in response to hormones and nutrition. However, a few key details about the regulatory scheme that the work here suggests remain unanswered. (1) How does previtellogenic nutritional status alter blood feeding behavior? (2) Does the extent of vitellogenic development within an individual follicle during the period of high ecdysteroid titer determine the likelihood of resorption? (3) How does the extent of vitellogenic development within a follicle determine the sensitivity of the follicle to ecdysteroids and the likelihood of resorption?
By modulating the follicles response to the hormonal and nutritional environment after a blood meal, JH seems to integrate previtellogenic nutritional information with blood meal derived nutrition to determine reproductive output. This regulatory scheme, by expanding a role for JH to include post-blood meal resorption, illustrates the endocrinological compromises that underlay the peculiarities of an anautogenic life history strategy such as a previtellogenic resting stage, sugar feeding, synchronous egg development, and hematophagy.
